The splicing-factor oncoprotein SRSF1 (also known as SF2/ASF or ASF/SF2) is upregulated in breast cancers. We investigated the ability of SRSF1 to transform human and mouse mammary epithelial cells in vivo and in vitro. SRSF1-overexpressing COMMA-1D cells formed tumors, following orthotopic transplantation to reconstitute the mammary gland. In three-dimensional (3D) culture, SRSF1-overexpressing MCF-10A cells formed larger acini than control cells, reflecting increased proliferation and delayed apoptosis during acinar morphogenesis. These effects required the first RNA-recognition motif and nuclear functions of SRSF1. SRSF1 overexpression promoted alternative splicing of BIM (also known as BCL2L11) and BIN1 to produce isoforms that lack pro-apoptotic functions and contribute to the phenotype. Finally, SRSF1 cooperated specifically with MYC to transform mammary epithelial cells, in part by potentiating eIF4E activation, and these cooperating oncogenes are significantly coexpressed in human breast tumors. Thus, SRSF1 can promote breast cancer, and SRSF1 itself or its downstream effectors may be valuable targets for the development of therapeutics. npg
a r t i c l e s Most of the ~25,000 human genes express primary transcripts that undergo splicing in the nucleus to generate functional mRNAs. The majority of pre-mRNAs are alternatively spliced to yield different mRNA spliced variants, according to cell type, developmental stage or physiological state 1 . The roles of spliced variants and splicing misregulation in cancer initiation and progression are incompletely understood.
The serine-and arginine-rich (SR) proteins and the heterogeneous nuclear ribonucleoproteins (hnRNPs) are two important classes of factors that act, respectively, as splicing activators and repressors 2 . These RNA-binding proteins bind directly to pre-mRNA, eliciting concentration-dependent changes in alternative splicing, and they can have antagonistic effects on alternative splicing of particular exons 3, 4 . Thus, changes in the expression of these proteins can affect alternative splicing of many genes and are potentially involved in splicing misregulation in various diseases.
Cancer cells often show aberrant alternative splicing profiles, expressing isoforms that stimulate cell proliferation and migration or improve resistance to apoptosis 5 . Some of these alterations are caused by mutations at the splice sites or splicing regulatory elements of tumor-suppressor genes, but others reflect expression changes in splicing factors, as reported for colon 6 , ovarian 7, 8 and breast tumors 9 .
SRSF1 is a prototypical SR protein that functions in constitutive and alternative splicing. SRSF1 also has a role in nonsense-mediated mRNA decay (NMD) 10 , mRNA export 11 and translation [12] [13] [14] .
We previously demonstrated that SRSF1 can be oncogenic, driving transformation of murine immortal fibroblasts, and its oncogenic activity is partly mediated by controlling alternative splicing of the tumor suppressor BIN1 and the kinases Mnk2 and S6K1, inducing the expression of pro-tumorigenic isoforms 15 .
Although SRSF1 is frequently overexpressed in cancer, the significance and biological consequences of its overexpression in cancers of various cell types are unknown. Several lines of evidence suggest that splicing factors, including SRSF1, have a role in the development of mammary tumors in humans and mice 9, 16, 17 : (i) SRSF1 is overexpressed more than two-fold in 1/8th of the tumors in a breast-tumor panel 15 ; (ii) SRSF1 is upregulated in some breast cancers owing to amplification of the chromosome 17q23 amplicon, which is associated with breast malignancies that have a poor prognosis 18 ; and (iii) SRSF1 overexpression at the mRNA and protein levels was found in three breast cancer cell lines with 17q23 amplification 15 .
As SRSF1 genomic amplification is preferentially observed in breast tumors, but several other genes are coamplified on chromosome 17q23, we investigated whether SRSF1 can transform mammary epithelial cells. Our previous demonstration that SRSF1 is an oncoprotein 15 relied on immunocompromised mice subcutaneously injected with fibroblasts transduced with SRSF1. To determine the potential of an oncogene to transform epithelial cells, it is necessary to use appropriate systems to measure tumorigenesis in the correct biological a r t i c l e s context, that is, the cell type, the microenvironment and the differentiation program. Here we investigate the role of SRSF1 overexpression in mammary epithelial cell transformation by using a mouse orthotopic transplantation model as well as an organotypic culture system that recapitulates the mammary gland epithelial architecture, allowing a dissection of the underlying molecular mechanisms.
RESULTS

SRSF1 overexpression promotes mammary gland tumorigenesis
To assess SRSF1's oncogenic effect in breast tissue in vivo, we used an orthotopic allograft mouse model that was based on mammary gland reconstitution by injection of COMMA-1D cells, an immortalized, pluripotent mouse mammary epithelial cell line 19, 20 . We generated COMMA-1D cells stably transduced with T7-SRSF1 ( Fig. 1a) and injected them into the cleared mammary fat pads of 21-day-old female BALB/c mice. Each transplanted mouse served as its own control, with one flank injected with control cells expressing the empty vector and the contralateral flank injected with SRSF1-overexpressing cells, removing the effect of variations between animals. We monitored the repopulation of the mammary gland by staining and imaging the whole gland at eight weeks post-transplantation (data not shown). Starting at 12 weeks post-transplantation, SRSF1-overexpressing cells formed more tumors than the control cells ( Fig. 1b) . The tumors were malignant ( Supplementary Fig. 1) , highly proliferative and often had invaded the skin and muscle. They showed many mitotic cells, very little necrosis, high angiogenesis and well-defined borders. Only 1 out of 15 transplants with the control vector gave rise to a very small tumor (<0.01 cm 3 ), detected after euthanasia; by contrast, SRSF1-overexpressing cells gave tumors in 14 out of 15 injections, and some grew quite large (3.0-cm 3 average volume) ( Fig. 1c) . We conclude that SRSF1 promotes tumorigenesis in the mammary gland with high penetrance.
SRSF1 levels affect acinar size, proliferation and apoptosis
We also stably overexpressed T7-tagged SRSF1 cDNA in the nontransformed human mammary epithelial cell line MCF-10A, using retroviral transduction. MCF-10A cells have been extensively used to analyze the role of oncogenes in breast cancer. They undergo morphogenesis to form organized growth-arrested 3D structures when grown in Matrigel-a basement-membrane-like extracellular matrix-recapitulating the acinar structure observed in the mammary gland 21 .
Immunoblotting of 3D MCF-10A acini revealed that T7-SRSF1 was overexpressed two-to three-fold, compared to endogenous SRSF1 ( Fig. 2a) , similar to the level observed in human breast cancers 15 . The T7 tag has been extensively used and does not interfere with the known functions of SRSF1 (refs. [12] [13] [14] [15] 22) . T7-SRSF1 correctly localized to the nucleus of MCF-10A cells within acini ( Supplementary Fig. 2) . MCF-10A cells also recapitulated the feedback inhibition of endogenous SRSF1 ( Fig. 2a) , which occurs at both post-transcriptional and translational levels in other cell types 14, 15, 23 .
Oncogenes associated with breast cancer disrupt the highly organized architecture of MCF-10A acini 24 . We therefore assessed the effect of T7-SRSF1 overexpression on acinar morphology and size every 4 days. Cells overexpressing T7-SRSF1 formed significantly larger acini than control cells, starting on day 8 (Fig. 2b,c) . However, T7-SRSF1 acini retained normal morphology after growth arrest, with a hollow lumen and no disruption of polarity markers, including α-laminin and Scribble (data not shown).
The acinar size increase could reflect an increase in either cell size or number. There was no significant difference in the size of single cells from MCF-10A 3D (data not shown) or 2D cultures, as measured by flow cytometry (see below) (P < 0.064). MCF-10A acini undergo a proliferation phase, followed by an apoptosis phase that allows the clearing of the cells in the lumen 25 . Therefore, we assessed the expression of proliferation and apoptosis markers-ki67 and cleaved caspase-3, respectively-by indirect immunofluorescence in day-8 control and acini overexpressing T7-SRSF1. T7-SRSF1 overexpression resulted in increased proliferation and decreased apoptosis ( Fig. 2d,e ). The difference in acinar size imparted by SRSF1 overexpression was maintained at later time points, as both control and SRSF1-overexpressing acini continued to grow. Thus, the control acini never reached the size of SRSF1-overexpressing acini, although their proliferation and apoptosis levels were comparable at day 16 ( Supplementary Fig. 3) , consistent with the luminal clearance observed in day-16 SRSF1overexpressing acini.
SRSF1-induced acinar size increase involves mTOR signaling
The oncogenic activity of SRSF1 in murine fibroblasts and human lung cancer cell lines involves mTOR signaling-a major contributor to tumor growth and survival-bypassing Akt activation 26 . To examine the role of this pathway in mammary epithelial cells, we treated control and T7-SRSF1-overexpressing acini with the mTOR allosteric inhibitor rapamycin, starting on day 4, and followed acinar size and morphology. By day 16, rapamycin treatment resulted in a reduction in the size of T7-SRSF1-overexpressing acini to the level of control MCF-10A acini ( Fig. 2f) , indicating the involvement of the mTOR pathway in the acinar size-increase phenotype. SRSF1 overexpression in MCF-10A acini promoted phosphorylation of downstream components of the pathway, namely 4EBP1 and S6 (see below), as occurs in mouse fibroblasts 15, 26 . Similarly, SRSF1 overexpression promoted eIF4E phosphorylation, bypassing upstream MAPK signaling. These changes in SRSF1-overexpressing acini are expected to result in increased translation.
SRSF1 overexpression affects alternative splicing in acini
SRSF1 affects alternative splicing of many target pre-mRNAs, some of which were previously characterized. In particular, SRSF1 regulates alternative splicing of the RON (also known as MST1R) proto-oncogene transcript by promoting skipping of exon 11 to give the RON∆11 isoform, which promotes cell motility and invasion 27 . SRSF1 overexpression also promotes the inclusion of exon 12a of BIN1 to generate the BIN1+12a isoform, which lacks tumor-suppressor activity because it no longer binds MYC 15, 28 . Finally, SRSF1 enhances the inclusion of exon 13b of the gene encoding the kinase Mnk2 (MKNK2) 15 , one of two mutually exclusive 3′-terminal exons, to generate the Mnk2b isoform, which enhances eIF4E phosphorylation in a MAPK-independent manner 29 . npg a r t i c l e s Overexpression of T7-SRSF1 in MCF-10A acini modified the alternative splicing patterns of all three of these transcripts, increasing expression of RON∆11, BIN1+12a and MKNK2-13b isoforms ( Fig. 3a) . SRSF1 overexpression in acini also induced the expression of S6K1-p31 ( Supplementary Fig. 4a ), a recently described isoform of the kinase S6K1 (gene symbol: RPS6KB1) that is involved in SRSF1's oncogenic activity 15 .
Because SRSF1 overexpression delayed apoptosis in MCF-10A acini, we also investigated alternative splicing of BIM, which encodes a pro-apoptotic Bcl-2 family member with a critical role in luminal apoptosis during acinar morphogenesis 30 . BIM is alternatively spliced to generate multiple isoforms with different apoptotic potential 31, 32 , for example, BIM EL, L, S and β2. SRSF1 overexpression promoted the inclusion of a new alternative 3′ exon, generating two new isoforms: BIM γ1 and γ2 ( Fig. 3a and Supplementary Fig. 4 ). Expression of other BIM isoforms, including BIM EL, L and S, concomitantly decreased (Fig. 3a) . The γ1 and γ2 mRNAs lack exons 2 . Error bars, s.d. (d) Day-8 acini from control and SRSF1-overexpressing cells were immunostained for the proliferation marker ki67 or the apoptosis marker cleaved caspase-3 (C3) (red). Nuclei were co-stained with DAPI (blue). (e) Acini positive for ki67 or cleaved caspase-3 from control and SRSF1-overexpressing samples were counted on day 8. The percentage of positive SRSF1-overexpressing acini was plotted and compared to control acini (n ≥ 3, >50 acini per experiment; Fisher test: ***P < 0.0001, **P < 0.001). Error bars, s.e.m. (f) The size of control and SRSF1-overexpressing acini was measured on day 16, following 12-day treatment with rapamycin (10 nM). The dot plot shows the size distribution for each condition, with the median indicated by a horizontal line (n = 3, >100 acini per experiment; Mann-Whitney test: ***P < 0.0001, **P < 0.0006; n.s., not significant).
Figure 3
Alternative splicing of target genes in 3D MCF-10A is involved in the SRSF1-induced phenotype. (a) PCR with reverse transcription (RT-PCR) analysis of SRSF1 target genes (RON, BIN1, MKNK2 and BIM) expressed in control and T7-SRSF1-overexpressing acini. Total RNA was analyzed by radioactive RT-PCR using the indicated primers (arrows), followed by native PAGE and autoradiography. GAPDH mRNA was used as a loading control. The exon-intron structure of each isoform is indicated (not to scale). Alternatively spliced exons are colored. The ratio of each isoform was quantified and expressed as the fold change between control and T7-SRSF1-overexpressing acini (n ≥ 6; t-test: ***P < 0.001, **P < 0.005, *P < 0.01). Error bars, s.e.m. (b,d) The size of control and SRSF1-overexpressing acini overexpressing either the BIMγ1 or γ2 isoforms (b) or the BIN1 +13 isoform (d), as indicated, was measured on day 8. The dot plot shows the size distribution for each condition, with the median indicated by a horizontal line (n = 3, >100 acini per experiment; Mann-Whitney test: ***P < 0.0001, **P < 0.001). (c,e) The level of apoptosis in control and SRSF1-overexpressing MCF-10A cells overexpressing either the BIMγ1 or γ2 isoforms (c) or the BIN1 +13 isoform (e), as indicated, was measured by flow cytometry with Annexin V and PI staining (n = 3, t-test: ***P < 0.0001). Error bars, s.e.m. Fig. 5 ), which encode the BH3 domain of BIM; this domain binds anti-apoptotic Bcl-2 family members and is necessary for induction of apoptosis by BIM 32 . Thus, the changes in BIM alternative splicing we observed are consistent with the delay in luminal apoptosis promoted by SRSF1. However, we did not detect a direct correlation between the levels of BIM γ1 and γ2 isoforms at days 4 and 16 and the delay of luminal apoptosis in SRSF1-overexpressing acini, compared to control acini ( Supplementary Fig. 4b ).
To assess whether the new isoforms are involved in the SRSF1induced acinar phenotype, we overexpressed them in control cells (Supplementary Fig. 4c ). Expression of BIM γ1, but not γ2, promoted an increase in acinar size and a decrease in apoptosis (Fig. 3b,c) to levels intermediate between control and SRSF1-overexpressing cells. In parallel, we expressed the BIN+13 isoform in SRSF1-overexpressing cells (Supplementary Fig. 4d ). Expression of BIN+13 decreased the acinar size and increased apoptosis of SRSF1-overexpressing cells ( Fig. 3d,e ). This suggests that both BIM γ1 upregulation and BIN+13 downregulation contribute to the SRSF1-induced phenotype.
Domain requirements for SRSF1-induced changes
To dissect the mechanisms involved in the SRSF1-mediated acinarsize increase, we used available SRSF1 mutants 33 lacking either of the two RNA-recognition motifs (∆RRM1 or ∆RRM2 mutants) or the serine-and arginine-rich C-terminal domain (∆RS mutant) ( Fig. 4a and Supplementary Table 1 ). The RRMs recognize specific RNA sequences, and the RS domain is involved in protein-protein interactions, subcellular localization and recruitment of spliceosome components 2 . We also used a C-terminal fusion of SRSF1 with the nuclear-retention signal of SRSF2 to force SRSF1 retention in the nucleus 34 and assess the role of its nuclear (splicing and NMD) versus cytoplasmic (translation) functions.
We stably transduced MCF-10A cells with each SRSF1 mutant, resulting in expression levels comparable to the wild type ( Supplementary Fig. 6a ). Only the ∆RRM1 mutant failed to promote the acinar size increase (Fig. 4b) . By contrast, MCF-10A cells overexpressing the ∆RRM2, ∆RS or NRS1 mutants showed a similar size increase by day 8, as did cells overexpressing wild-type SRSF1 ( Fig. 4b and Supplementary Table 1 ). On day 8, the acini overexpressing ∆RRM1 or ∆RRM2 showed slightly decreased proliferation compared to wild-type SRSF1-overexpressing acini; similarly, they showed increased apoptosis that was comparable to the levels of the control acini ( Fig. 4c,d) . However, either ∆RRM2 or NRS1 expression resulted in slight but significant cell-size increases compared to the control (P < 0.0001) ( Supplementary Fig. 6b ), partly accounting for the acinar size increase. NRS1 and ∆RS-overexpressing acini showed similar proliferation and apoptosis levels as did wild-type SRSF1 acini ( Fig. 4c,d) .
In addition, ∆RSand NRS1-overexpressing cells, but not the cells overexpressing the other mutants, promoted activation of mTOR to the same or greater extent than wild-type SRSF1, as measured by increased phosphorylation of S6 and 4EBP1 (Supplementary Fig. 6c ).
The acinar size phenotype correlated with alternative splicing changes in BIN1: the ∆RRM2, ∆RS and NRS1 mutants promoted expression of BIN1+12a at a level comparable to that of wild-type SRSF1 ( Fig. 4e and Supplementary Fig. 6d) ; by contrast, ∆RRM1ovexepressing cells showed the same BIN1 alternative splicing pattern as did control cells. Notably, the ∆RS mutant showed a pattern similar to that of wild-type SRSF1 for alternative splicing of MKNK2-13b, whereas ∆RRM1 and ∆RRM2 behaved differently, promoting greater Supplementary  Figure 6b . See Supplementary Table 1 for summary information.
npg a r t i c l e s inclusion of exon 13b (Fig. 4e) . By contrast, the NRS1 mutant did not promote the MKNK2 alternative splicing changes observed for wild-type SRSF1, suggesting that SRSF1 affects this splicing event indirectly, for example, by enhancing translation of another splicing factor that in turn regulates MKNK2 splicing. All mutants affected RON alternative splicing in the same manner as did wild-type SRSF1 (Fig. 4e) . Finally, only the NRS1 mutant promoted expression of BIM γ1, and both NRS1-and ∆RS-overexpressing cells expressed BIM γ2 at the same level as wild-type SRSF1-overexpressing cells (Fig. 4e) . At the protein level, ∆RRM2and ∆RS-overexpressing cells showed expression of a new isoform of BIM to the same extent as wild-type SRSF1-overexpressing cells (Supplementary Fig. 6a) . These results indicate that ∆RRM2 is not just a general loss-of-function mutant and also suggest the existence of substrate-specific interactions between various splicing targets of SRSF1 and RRM1 and/or RRM2 of SRSF1. Among the alternative splicing changes analyzed, those for BIN1 correlated best with the observed acinar phenotypic changes, whereas BIM and MKNK2 showed weaker correlation ( Supplementary Table 1 ). These data also indicate that the nuclear functions of SRSF1 are sufficient for the acinar size increase and that the various targets are not affected equally by each of the modular domains of SRSF1.
SRSF1 cooperates with MYC
Transformation often results from cooperation among several oncogenes 35 . Therefore, we investigated whether SRSF1 can cooperate in mammary epithelial cell transformation with known oncoproteins associated with breast cancer and previously studied in 3D culture. We generated MCF-10A cells overexpressing SRSF1 together with MYC 20 , ERBB2 (ref. 24) or HPV16 E7 (ref. 25 ) oncogenes (Supplementary Fig. 7a ), each representing a major pathway involved in tumorigenesis. MYC and ERBB2 are frequently overexpressed in breast cancer, whereas HPV16 E7 overexpression mimics RB inactivation, another frequent event in breast cancer (for reviews, see refs. 36, 37) .
Cells overexpressing SRSF1 and MYC formed multiacinar, disorganized structures by day 20, which were not observed with overexpression of either MYC or SRSF1 alone (Fig. 5a,b) . MYC overexpression increased apoptosis, as expected 20 , and overexpression of SRSF1 together with MYC diminished this apoptosis induction by 25% (Supplementary Fig. 7b) . The NRS1 variant also cooperated with MYC to form large multiacinar structures ( Supplementary  Fig. 7c,d) . By contrast, no significant size or morphological differences were observed for cells simultaneously overexpressing SRSF1 and ERBB2 (Fig. 5c,d) . MCF-10A cells overexpressing a r t i c l e s SRSF1 together with HPV16 E7 formed smaller acini than those overexpressing HPV16 E7 alone (Fig. 5e,f) and showed decreased proliferation and increased apoptosis compared to wild-type E7 (Supplementary Fig. 7b ). We conclude that SRSF1 cooperates specifically with MYC but not with the other oncoproteins to transform mammary epithelial cells. Consistent with the observations in 3D culture, MCF-10A cells overexpressing both SRSF1 and MYC formed more colonies in soft agar than cells overexpressing either oncogene alone (Fig. 5g) .
We did not detect significant changes in MYC's transcriptional activation of selected target genes upon SRSF1 overexpression (P values ranged from 0.935 to 0.082) ( Supplementary Fig. 7e,f) . To investigate how MYC and SRSF1 cooperate in transformation, we measured eIF4E activation upon MYC induction. As expected 38, 39 , MYC induction promoted eIF4E expression ( Fig. 5h,i) . In addition, SRSF1 overexpression upregulated eIF4E phosphorylation (Fig. 5h,i and Supplementary Fig. 5c ). However, MYC induction in SRSF1-overexpressing cells activated eIF4E phosphorylation to levels four-fold higher than did MYC alone and six-fold higher than did SRSF1 alone (Fig. 5h,i) , suggesting one mechanism of cooperation.
SRSF1 is overexpressed in human tumors with elevated MYC
To assess the significance of MYC and SRSF1 cooperation in the context of human tumors, we used microarray data to analyze their expression in a large collection of tumors comprising 23 different cancer types. We compared the numbers of tumors expressing high levels of SRSF1 in two categories: tumors with high versus low MYC levels. High SRSF1 expression occurred significantly more often in tumors that overexpressed MYC, in 3 out of the 23 human tumor types analyzed, with breast cancer showing the strongest coexpression (P < 0.0001) ( Fig. 6a and data not shown) . MYC expression in breast tumors was not significantly correlated with expression of the other 11 SR proteins in the same dataset, indicating the specificity of the co-overexpression with SRSF1 (Fig. 6b) . No correlation was observed in breast tumors for ERBB2 with SRSF1 or other SR proteins (data not shown), consistent with the in vitro data from ERBB2 and SRSF1 co-overexpressing acini (Fig. 5) and underscoring the significance of SRSF1 and MYC co-overexpression in clinical samples. In addition, breast tumors overexpressing MYC and SRSF1 were of higher histological grade, compared to tumors with low SRSF1 and/or MYC expression ( Fig. 6c) .
DISCUSSION
The splicing factor SRSF1 is overexpressed in human tumors 15 . Here we investigated its involvement in breast cancer, using appropriate systems in the correct biological context-in other words, transduced mouse mammary progenitors engrafted in cleared mammary-gland fat pads of syngeneic mice-and transduced human mammary cells that differentiate into acini in 3D culture. Overexpression of SRSF1 in transplanted murine COMMA-1D cells was sufficient to promote mammary gland tumorigenesis. It is notable that SRSF1 alone can robustly promote tumorigenesis in a system that does not by itself result in spontaneous tumors.
We then investigated the cellular and molecular consequences of overexpressing SRSF1 in a nontransformed human mammary epithelial cell line that forms acinar structures in organotypic culture. This 3D model recapitulates many features of normal mammary epithelium architecture in vivo 21 . Moderate SRSF1 overexpression, mimicking the levels seen in many human tumors 15 , significantly affected proliferation and apoptosis-two pathways that are frequently deregulated during transformation. SRSF1 overexpression enhanced cell proliferation and delayed apoptosis during acinar morphogenesis, resulting in larger acini. SRSF1 overexpression was not sufficient to disrupt the acinar architecture, suggesting that additional steps are necessary for full transformation in this system. Despite the subtle in vitro phenotype, SRSF1 can clearly initiate transformation in the mammary gland, though additional events probably accelerate tumorigenesis. However, we cannot rule out the possibility that the apparent differences between in vitro and in vivo experiments might reflect differences between human MCF-10A and murine COMMA-1D cells. Furthermore, the mammary gland is composed of different cell types, and SRSF1 may have a more complex role in the interactions between epithelial cells and the microenvironment, an important aspect of cancer progression that the in vitro model does not address. SRSF1 overexpression in acini affected specific alternative splicing events in the RON proto-oncogene, the tumor suppressor BIN1 and the kinases MNK2 and S6K1, promoting the expression of pro-oncogenic (a) Expression of SRSF1 was profiled from microarray data from a collection of 352 human breast tumors (GSE2109). The data were normalized to Z score (see Online Methods) and divided into two categories: breast tumors expressing high or low MYC levels. The dot plot shows the distribution and the median (horizontal line) for each condition (Mann-Whitney test: ***P < 0.0001). (b) Expression of all members of the SR protein family was profiled as in a and divided into four categories according to SRSF and MYC RNA levels: (i) both low; (ii) both high; (iii) low MYC and high SRSF; and (iv) high MYC and low SRSF. A Fisher test was carried out to compare the different categories, and P values are shown on the right. n.d., not determined (there were not enough samples for SRSF2 and SRSF9 with low SRSF expression to derive a P value). (c) Expression of SRSF1 and MYC was profiled from microarray data from another collection of 196 human breast tumors with histological grading annotation (GSE7390). The data were normalized to Z score (see Online Methods) and divided into four categories according to SRSF1 and MYC levels, as indicated. Histological grading of the tumors is indicated for each category, with grade 3 being the most malignant. Tumors with high levels of MYC and SRSF1 have more grade 3 samples, compared to tumors with low SRSF1 and/or MYC levels (Fisher test, P < 0.03). npg a r t i c l e s isoforms. The alternative splicing changes were relatively subtleconsistent with the modest overexpression of SRSF1-suggesting that even slight variations in alternative splicing regulation can have important phenotypic consequences. It is possible that more pronounced changes in alternative splicing of as yet unidentified targets of SRSF1 and/or known targets we have not tested contribute to the observed phenotype.
SRSF1 overexpression additionally promoted the expression of two new BIM isoforms, dubbed γ1 and γ2, which include a new alternative 3′ exon. BIM belongs to the Bcl-2 family and promotes apoptosis by inhibiting anti-apoptotic Bcl-2 family members 31 . Several isoforms have been characterized, with varying apoptotic activity, BIM S being the most potent 31, 32, 40 . The new γ1 and γ2 isoforms are not expected to promote apoptosis, as they lack exons coding for the BH3 domain and the C-terminal hydrophobic region, similarly to the β2 isoform 32 . Overexpression of the γ1 isoform in control cells increased acinar size and decreased apoptosis. In parallel, overexpression of BIN+13 in SRSF1-overexpressing cells decreased acinar size and increased apoptosis. In both situations, the acinar size and apoptosis increased or decreased to levels intermediate between control and SRSF1-overexpressing cells, suggesting that the increase in BIM γ1 and the decrease in BIN+13 both contribute to the SRSF1-induced phenotype. Some of the differences between the γ1 and γ2 isoforms may reflect differences in their overexpression levels. In addition, they accumulate to higher levels in the overexpression lines than in SRSF1overexpressing cells, as the system we used does not allow titration of their expression. It is very likely that the observed acinar phenotype of SRSF1 overexpression results from changes in multiple alternative splicing events that regulate cell death and proliferation, some of which we described here and others that are yet to be identified.
Many apoptosis factors are expressed through alternative splicing, generating isoforms with antagonistic effects 41 . Our study suggests that SRSF1 can regulate apoptosis by promoting the expression of BIN1 and BIM isoforms lacking pro-apoptotic activity. In addition, SRSF1 regulates alternative splicing of BCLX (BCL2L1), MCL1, and CASP2 and CASP9 (encoding caspases 2 and 9; ref. 42) , and its knockdown induces G2 cell-cycle arrest and apoptosis 43 . These data, together with our present and previous results from SRSF1-overexpressing fibroblasts 15 and epithelial cells, suggest that SRSF1 has a broad role in regulating apoptosis and cell-proliferation pathways. Thus, subtle variations in SRSF1 levels and/or activity can affect cell death and may constitute an initial step in transformation ( Fig. 7) .
We found that the effect of SRSF1 on acinar size involves mTOR signaling, a pathway that controls cell proliferation and translation, and is often deregulated in cancer 44 . However, we cannot exclude the possibility that the effect of rapamycin on SRSF1-overexpressing acini reflects at least partly a general block of proliferation, as rapamycin also decreased the size of the control acini. In addition, rapamycin did not change the splicing patterns of BIN1, BIM, RON or MKNK2 in SRSF1-overexpressing acini, compared to control acini (data not shown), suggesting that mTOR does not affect SRSF1's splicing functions for the tested targets. In SRSF1-overexpressing cells, proliferation is regulated at least partly by promoting alternative splicing of the MKNK2-b and S6K1-p31 isoforms. On the other hand, phosphorylation of ribosomal protein S6 and of the competitive inhibitor of cap-dependent translation, 4EBP1, is enhanced, possibly through an interaction with mTOR 12 ; similarly, phosphorylation of the capbinding protein eIF4E is enhanced, bypassing the activation of MAPK signaling pathways. All these changes lead to enhanced translation. Furthermore, eIF4E acts as an oncoprotein when overexpressed or hyperactivated 45, 46 . Finally, 4EBP1 was recently implicated in cell proliferation and cell-cycle progression, whereas the S6 kinase controls cell size 47 . Thus, SRSF1 potentially controls multiple regulators of the cell cycle and growth, through splicing-dependent, but possibly also splicing-independent, functions, and it can cause deregulation of these processes in cancer ( Fig. 7) .
Our structure-function dissection of the modular protein domains of SRSF1 indicates that RRM1 is necessary to mediate the acinar sizeincrease phenotype. RRM1 deletion prevented the delay in apoptosis and the increase in proliferation observed for intact SRSF1. Our data suggest that the role of SRSF1 role in regulating proliferation and apoptosis involves splicing targets recognized primarily by RRM1 (Supplementary Table 1) . Unexpectedly, RRM1 deletion did not affect all the tested SRSF1 target genes equally. Moreover, not all these alternative splicing events were affected by RRM1 deletion in a manner that correlated with the loss of the effect on acinar size (Supplementary Table 1) . Notably, BIN1 alternative splicing showed the strongest correlation, followed by BIM and MKNK2, suggesting that only some of the observed alternative splicing changes are involved in the acinar size increase. Furthermore, the NRS1 mutant behaved similarly to wild-type SRSF1 in almost all the assays, indicating that the nuclear functions of SRSF1 are responsible for the acinar phenotype. Finally, because the ∆RS mutant was essentially similar to wild-type SRSF1, but cannot promote NMD 10 , we conclude that this function is not required for the acinar phenotype, whereas SRSF1's splicing activity has a crucial role in SRSF1-mediated transformation. In addition, although both ∆RRM1 and ∆RS bind mTOR 12, 13 , only ∆RS promoted the acinar size increase and phosphorylation of S6 and 4EBP1 as efficiently as did wild-type SRSF1 ( Supplementary Table 1 ). Therefore, physical interaction with mTOR is probably neither required nor sufficient for the acinar phenotype. However, because Figure 7 A model for SRSF1's role in transformation. SRSF1 regulates alternative splicing of target genes involved in apoptosis, cell motility, proliferation and other cellular functions. SRSF1 overexpression promotes expression of anti-apoptotic isoforms unable to interact with pro-apoptotic factors or that inhibit the action of pro-apoptotic factors such as MYC or members of the Bcl-2 family. In parallel, SRSF1 overexpression promotes expression of isoforms that stimulate translation and cell proliferation, by increasing phosphorylation (P) of translation activators, such as S6 or eIF4E, or by inhibiting translational repressors, such as 4EBP1. SRSF1 can also interact with and activate mTOR to promote translation. By increasing proliferation and decreasing apoptosis, SRSF1 promotes cellular transformation.
a r t i c l e s our system does not allow fine-tuning of the expression of wild-type and mutant proteins, we cannot exclude the possibility that some of the observed phenotypic differences reflect subtle variations in their expression levels. The domain analysis of SRSF1 further suggests the existence of unexplored differences in RNA-binding specificity between its two RRMs. Little is known about the individual roles and splicing-target specificity of these RRMs, though their 3D structures have been separately determined 48, 49 . The RRMs are involved in sequence-specific RNA binding, and they are required for both constitutive and alternative splicing 22, 33, 50 . RRM2, but not RRM1, is also required for SRSF1's activities in NMD 10 , translational control 12, 13 and autoregulation 14 as well as for its interaction with mTOR 12 . Finally, the C-terminal RS domain is involved in nuclear localization 22 , nuclear-cytoplasmic shuttling 51 as well as in mediating protein-protein interactions and promoting splicing by recruiting other components of the spliceosome 2 , but it is essential only for SRSF1's function in NMD 10, 52 . Thus, although SRSF1 is a multifunctional protein, we demonstrate here that the nuclear functions, particularly splicing, are sufficient for transformation and that the various targets are not equally important for tumorigenesis. SRSF1 cooperated with MYC to disrupt acinar architecture. MYC activation may be one of the additional events required in SRSF1overexpressing acini to promote the switch from a hyperproliferative state to a fully transformed state. SRSF1 did not cooperate with two other oncogenes-ERBB2 and HPV16 E7-indicating the specificity of the SRSF1-MYC interaction. Selective cooperation between oncogenes has already been described in breast cancer 53 and is now extended to a splicing-factor oncogene. Our analysis of microarray data showed that the expression levels of MYC and SRSF1 are markedly correlated in a subset of human tumors, particularly in breast cancer, suggesting that the cooperation we observed in the in vitro model is clinically relevant. Notably, no other SR proteins showed such a correlation.
The mechanisms of SRSF1 and MYC cooperation warrant further investigation and will probably reveal a high level of complexity that may provide insights into the roles of SRSF1 in tumorigenesis. We previously showed that SRSF1 promotes phosphorylation of eIF4E 15, 28 , and this factor is known to enhance MYC's translation 38 . MYC and eIF4E cooperate to induce tumorigenesis: eIF4E antagonizes MYC-induced apoptosis 54 , whereas MYC over-rides eIF4Einduced senescence 39 . Here we demonstrate that the molecular basis of MYC and SRSF1 cooperation includes, at least in part, hyperactivation of eiF4E. Furthermore, the SRSF1 promoter was identified as a putative MYC binding site in a genomewide screen for MYC targets 55 , and we recently demonstrated that MYC binds directly to the SRSF1 promoter and regulates its expression 56 -including in MCF-10A cells-suggesting a possible basis for the correlation. However, in MCF-10A cells, the total levels of SRSF1 are comparable upon MYC induction in cells overexpressing MYC alone or together with SRSF1 ( Supplementary Fig. 7a) . Therefore, the cooperative effects of MYC and SRSF1 probably reflect more complex mechanisms than just changes in SRSF1 levels. In addition, SRSF1 regulates alternative splicing of BIN1 (refs. 15,28), a tumor suppressor that inhibits MYC's transforming activity 57, 58 . Thus, SRSF1, being frequently overexpressed in breast tumors, may have an important role in regulating BIN1 to promote the expression of isoforms that fail to interact with MYC 15,28 , thereby abrogating its negative control. In this way, SRSF1 regulates multiple factors with roles in MYCinduced transformation.
In summary, SRSF1 promotes mammary epithelial cell transformation by specifically regulating splicing of critical targets downstream of mTOR and/or functionally linked to MYC. Most likely, each of these splicing events contributes partially to SRSF1-induced tumorigenesis. Identifying additional SRSF1 splicing targets involved in transformation and gaining a deeper understanding of how SRSF1 levels are regulated should be important priorities toward the development of therapeutic strategies that specifically target relevant alternative splicing isoforms.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
